High-energy focused proton beam irradiation has been used to controllably blueshift the resonant wavelength of porous silicon microcavities in heavily doped p-type wafers. Irradiation results in an increased resistivity, hence a locally reduced rate of anodization. Irradiated regions are consequently thinner and of a higher refractive index than unirradiated regions, and the microcavity blueshift arises from a net reduction in the optical thickness of each porous layer. Using this process wafers are patterned on a micrometer lateral scale with microcavities tuned to different resonant wavelengths, giving rise to high-resolution full-color reflection images over the full visible spectrum. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2219989͔
The optical properties of porous silicon ͑PSi͒ have been intensively studied for many years [1] [2] [3] and it has found applications in many areas such as silicon photonics and integrated silicon opto-and microelectronics. While the photoluminescence ͑PL͒ from PSi is too broad and faint for many light-emitting applications its properties can be greatly improved by placing it in a Fabry-Pérot microcavity with dimensions comparable to the optical emission wavelength. One-dimensional photonic structures based on alternating high and low porosity PSi layers have found applications as dielectric mirrors in the form of distributed Bragg reflectors, 4 microcavities ͑MCs͒, 5, 6 and waveguides, 7 and may have a future role as optical interconnects and switches in future microelectronics technology. 8, 9 PSi exhibits optical properties consistent with a single effective refractive index n, despite its nanoscale structural inhomogeneity. Within an effective medium approximation, n of PSi is lower than for bulk silicon; 6 it is inversely proportional to the etch current density J used for anodization, so higher J results in lower n. A distributed Bragg reflector selectively reflects a band of incident wavelengths of width ⌬ and is formed in PSi by periodically lowering and raising J, resulting in a sequence of porous layers with alternating high and low refractive index. Each porous layer of thickness d and refractive index n has an optical thickness nd equal to / 4, where is the central wavelength of the resonant reflected peak. Highly doped p-type silicon ͑ϳ0.01 ⍀ cm͒ is commonly used to fabricate such PSi based photonic structures because a wide range of n can be achieved by varying J, 3,6,10,11 though moderately doped silicon ͑1-10 ⍀ cm͒ has also been used. 12, 13 MCs are formed by separating two such distributed Bragg reflectors with a PSi spacer layer of optical thickness / 2 or any multiple. The central layer breaks the repetitive sequence and results in transmission rather than reflection of a narrow band of wavelengths centered on . MCs act as highly selective wavelength filters and good quality MCs have been grown with emission properties superior to bulk PSi. 6, 14, 15 The resultant narrowing, enhancement, and directionality of the resonant PL ͑Refs. 11 and 12͒ and electroluminescence wavelengths 5, 16 of such structures has been reported. Subnanometer transmitted linewidths have been produced by anodization at −22°C ͑Ref. 17͒ and in freestanding PSi MCs in the standard window of fiber optic attenuation of 1.55 m. 18 Controlled wavelength PL and electroluminescence were obtained from MCs by varying the porosity of the central PSi layer. 19 Electrically tunable active mirrors were produced by filling the porous structure with liquid crystal molecules. 20 Application of a small voltage produced a shift in the location of the linewidth, and so a change in reflectivity of a particular wavelength.
Focused MeV ion beams in a nuclear microprobe 21 have been used to fabricate patterned PSi layers with micron lateral resolution. [22] [23] [24] [25] 2 MeV protons lose energy as they penetrate silicon and come to rest at a well-defined range of ϳ50 m. The stopping process damages the silicon lattice by producing additional defects which locally reduce the concentration of free charge carriers, i.e., increase the resistivity. 25 Ion irradiation was used to increase the PL intensity emitted from 0.02 ⍀ cm p-type silicon 22 and controllably redshift the PL of 1 -10 ⍀ cm p-type silicon. The latter was attributed to the irradiated layers being slightly less porous, exhibiting a smaller widening of the band gap and reduced quantum confinement effects associated with larger nanocrystallite sizes.
Here the ability of 2 MeV proton beam irradiation to controllably alter the reflected peak central wavelength and width of PSi MCs produced in 0.02 ⍀ cm p-type wafers is studied. In each case, wafers were first proton irradiated with a beam spot size of ϳ100 nm and then electrochemically etched at room temperature in a solution of HF ͑48%͒: water:ethanol in the ratio of 1:1:2. After etching, the sample was briefly washed in ethanol and dried in air. Figure 1 shows scanning electron micrographs of a sample in which lines were irradiated with different fluences in a 1ϫ 1 cm 2 wafer. The wafer was etched with J alternating between 10 and 100 mA/ cmline direction for cross-section imaging. The etched layers appear with light/dark contrast, with high porosity ͑low n͒ regions appearing darker. The etching rate is progressively slowed by a larger fluence, resulting in thinner porous layers. Figure 1 also provides interesting observation of the evolution of the etching process across an irradiated boundary, since each change of J is clearly delineated. The irradiated region becomes better defined with continued etching, exhibiting a steeper boundary which is more pronounced with larger fluence. With prolonged etching more abrupt features with edges perpendicular to the surface are produced using high-fluence irradiation. 26 The reflectivity spectra in Fig. 2 were recorded from MCs produced by irradiating 3 ϫ 3 mm 2 areas with different proton fluences. They comprise two sequences of 12 alternating porosity bilayers, etched at 40 and 73 mA/ cm 2 , above and below a central layer etched at 73 mA/ cm 2 . The central ͑ /2͒ layer is twice as thick as the individual ͑ /4͒ layers of the distributed Bragg reflectors. While not considered further here it is noted that the central dip in MC reflectivity is maintained for fluences up to 1 ϫ 10 15 /cm 2 then disappears for larger fluences. Figure 3͑a͒ shows the reflected peak and ⌬ versus fluence based on Fig. 2 . For the unirradiated wafer = 740 nm, which has blueshifted to = 490 nm for a fluence of 2 ϫ 10 15 /cm 2 . While both quantities reduce with fluence, ⌬ reduces notably faster. Figure 3͑b͒ shows n measured at 600 nm in an unirradiated wafer, and also from 3 ϫ 3 mm 2 areas irradiated with fluences of 1 ϫ 10 15 and 2 ϫ 10 15 /cm 2 . In each case single porous layers were separately etched at 25 and 85 mA/ cm 2 , producing single layers with high and low refractive indices, n H and n L , respectively. Over this range of fluences, the difference in refractive index, ⌬n = n H − n L , versus J is similar in the irradiated and unirradiated materials, though the average value of refractive index n = ͑n H + n L ͒ / 2 increases with fluence. Figure 3͑c͒ shows the measured thickness of a single porous bilayer versus fluence based on Fig. 1 . The measured values of n with fluence are also plotted for both 25 and 85 mA/ cm 2 ͓same data as Fig. 3͑b͔͒ . The average optical bilayer thickness versus fluence is also shown, determined by multiplying the measured bilayer thickness with n. The average optical thickness reduces with fluence because the reduction in layer thickness outweighs the increased n, hence is blueshifted in Figs. 2 and 3͑a͒ .
The width and central wavelength of the reflected resonant peak from a distributed Bragg reflector are related to the layer refractive indices by Figure 3͑b͒ shows that ⌬n / n is less at irradiated than unirradiated regions because n increases with fluence. Since ⌬n / n decreases with fluence then so does ⌬ / in Figs. 2 and 3͑a͒ according in Eq. ͑1͒. 
021910-2
Mangaiyarkarasi et al. Appl. Phys. Lett. 89, 021910 ͑2006͒ reflectivity peak in Fig. 2 becomes so much narrower with fluence. Better agreement may be limited by refractive index measurements which are recorded from large area irradiations comprising variations in doping density or fluence, as discussed below. Figure 4͑a͒ shows an optical micrograph of a wafer containing three areas irradiated with increasing fluences from top to bottom. The wafer was etched at 25 and 75 mA/ cm 2 with 12 bilayers formed in each distributed Bragg reflector above and below the central porous layer ͑ in thickness͒ etched at 85 mA/ cm 2 . The etching period for each layer was determined by defining the central wavelength in the unirradiated regions to be ϳ 750 nm. A range of colors is produced which are progressively blueshifted with increasing fluence. Figure 4͑b͒ shows a more spectacular example of the ability to controllably pattern the wavelength of light which is reflected from small, adjacent regions. A 500ϫ 500 m 2 region was irradiated with different overlaid scan patterns, with fluences from 4 ϫ 10 14 to 1.5ϫ 10 15 /cm 2 . The wafer was etched as in Fig. 4͑a͒ except the etching period for each layer was chosen to give the central wavelength of ϳ 850 nm in the unirradiated regions. Each fluence produces a different reflected color when illuminated with white light, with red/orange colors corresponding to areas irradiated with the lowest fluence. The potential of this approach to form patterned array of color pixel and lines for display applications is shown in Figs. 4͑c͒ and 4͑d͒ , where vertical lines, each 10 m wide, were irradiated to form alternating redgreen-blue stripes. The lateral resolution in the image is about 1 m. Small variations in the etch current density across the region shown in Fig. 4͑c͒ produce a shift in color across this area, which is not noticeable in the higher magnification image in Fig. 4͑d͒ .
In conclusion high-energy focused proton beam irradiation has been used to controllably blueshift the resonant wavelength of porous silicon microcavities in heavily doped p-type wafers. Wafers were selectively patterned to produce laterally resolved microcavities tuned to different resonant reflected wavelengths, giving rise to high-resolution fullcolor reflection images over the full visible spectrum. Irradiated regions are thinner and of a higher refractive index than unirradiated regions, and the microcavity blueshift arises from a net reduction in the optical thickness of each porous layer. This demonstrates the possibility of using PSi based photonic structures to selectively reflect/transmit particular wavelengths with micrometer lateral resolution for communications and display applications. 
